Autophagy eliminates dysfunctional mitochondria in an intricate process known as mitophagy. ULK1 is critical for the induction of autophagy, but its substrate(s) and mechanism of action in mitophagy remain unclear. Here, we show that ULK1 is upregulated and translocates to fragmented mitochondria upon mitophagy induction by either hypoxia or mitochondrial uncouplers. At mitochondria, ULK1 interacts with FUNDC1, phosphorylating it at serine 17, which enhances FUNDC1 binding to LC3. A ULK1-binding-deficient mutant of FUNDC1 prevents ULK1 translocation to mitochondria and inhibits mitophagy. Finally, kinase-active ULK1 and a phospho-mimicking mutant of FUNDC1 rescue mitophagy in ULK1-null cells. Thus, we conclude that FUNDC1 regulates ULK1 recruitment to damaged mitochondria, where FUNDC1 phosphorylation by ULK1 is crucial for mitophagy.
Introduction
Maintenance of a healthy mitochondrial pool is essential for cellular homeostasis [1] . Mitophagy is a major mechanism for mitochondrial quality control at the organelle level through two main mitophagy pathways, involving Parkin/FCCP or mitophagy receptors [2] [3] [4] [5] [6] [7] . Failure of mitophagy or autophagy results in a number of diseases, including neurodegeneration, diabetes and cancer [8] [9] [10] .
ULK1 and ULK2 (the yeast ATG1 homologues) are Ser/Thr kinases required for early autophagosome formation [11] [12] [13] . Mice deficient of either the ulk1 or the ulk2 gene displayed normal development but double knockout of both kinases in mice is lethal. The ability of ULK2 to compensate for the loss of ULK1 is further supported by evidence that ulk1-deficient cells displayed autophagy in response to glucose withdrawal, indicating that ULK1 and ULK2 are partially redundant protein kinases [14] [15] [16] .
Recent studies suggest that ULK1 plays a more specific role in mitophagy. An ULK1-knockout mouse model shows defects in the autophagic clearance of mitochondria during erythroid maturation [17] . ULK1 is associated with damaged mitochondria upon FCCP treatment [18] . More recently, it has been found that phosphorylation of ULK1 by AMP-activated protein kinase (AMPK) connects cellular energy sensing to mitophagy [19] . The ULK1 phosphorylation event was also reported by others, although the sites they identified are different [20] [21] [22] . Despite the pivotal role of ULK1 in mitochondrial clearance, the molecular mechanisms by which ULK1 regulates mitophagy, the identity of the mitochondrial substrate of ULK1, and the subcellular localization of ULK1 upon mitophagy induction remain unknown. We previously identified that FUNDC1 is a novel mitophagy receptor [6] . But how FUNDC1 is modulated by upstream signals to activate receptor-mediated mitophagy also remains poorly understood [23] .
Here, we report that ULK1 is elevated and recruited to fragmented mitochondria in response to hypoxia or FCCP. The translocated ULK1 interacts with its substrate FUNDC1 and phosphorylates FUNDC1 at Ser-17. The ULK1-binding-deficient mutant of FUNDC1 or knockdown of FUNDC1 significantly impairs the translocation of ULK1 to fragmented mitochondria and inhibits mitophagy. The interaction between FUNDC1 and LC3 is enhanced by phosphorylation-mimetic mutant FUNDC1 (S17D) but is impaired by FUNDC1 (S17A). Hypoxia-, FCCP-, or FUNDC1-induced mitophagy is suppressed in ULK1 À/À MEFs and can be restored by kinase-active form of ULK1 or FUNDC1 (S17D). Accordingly, both ULK1 and FUNDC1 are required for mitophagy and they collaboratively regulate mitophagy. Thus, our findings establish an unexpected link between ULK1 and FUNDC1 in response to different stresses.
Results
ULK1 is upregulated and translocates to fragmented mitochondria in response to mitophagy induced by hypoxia or FCCP Hypoxia or the mitochondrial uncoupler FCCP induces extensive mitophagy [6, [24] [25] [26] . We examined the expression of ULK1 under both conditions. The protein level of ULK1 is substantially elevated in response to hypoxia or FCCP treatment and has no significant changes upon short-term exposure to starvation but decreases after prolonged starvation (Fig 1A-D , and Supplementary Fig S1) . Immunofluorescence results show that hypoxia or FCCP not only extensively induces mitochondrial fragmentation but also significantly enhances the number and size of ULK1-positive puncta (Fig 1E) . A large number of ULK1-positive puncta translocate to fragmented mitochondria in both conditions compared with untreated control or with starvation condition (Fig 1E and Supplementary Fig S1) . Subcellular fractionation assays further demonstrated that a proportion of ULK1 molecules are indeed co-fractionated with mitochondria in response to either hypoxia or FCCP (Fig 1F and G) .
The mitophagy receptor FUNDC1 is a novel substrate of ULK1
The enrichment of ULK1 on fragmented mitochondria upon mitophagy induction suggests that there may be crosstalk between ULK1 and mitochondria. To find the mitochondrial substrate of ULK1, we used mass spectrometry to analyze the immunoprecipitants by the FLAG antibody from cell lysates that overexpressed FLAG-ULK1 and FUNDC1-MYC and found that FUNDC1-MYC is precipitated (Supplementary Fig S2) .
Overexpression of FUNDC1 potentially induces mitophagy [6] . Initially, we used transient transfection experiments to confirm that FUNDC1 is a binding partner of ULK1. Immunoprecipitation experiments revealed that FUNDC1-Myc interacts with FLAG-ULK1, but not with the IgG control (Fig 2A) . Conversely, we also observed that FLAG-FUNDC1 coimmunoprecipitates with GFP-ULK1, but not with the GFP control (Fig 2B) . We then confirmed the endogenous interaction between ULK1 and FUNDC1 upon mitophagy induction (Fig 2C) .
Mass spectrometric analysis of cellular phosphoproteome revealed that FUNDC1 has a potential phosphorylation site at Ser-17 upon mitophagy induction (our unpublished observations), so we generated an anti-FUNDC1 (Ser-17)-specific antibody and verified its specificity ( Supplementary Fig S3) . We also generated a FUNDC1-inducible HeLa cell line using the Tetracycline-On system to see whether the phosphorylation state of FUNDC1 changes as mitophagy proceeds. Treatment with 10 ng/ml tetracycline elevated the expression of FUNDC1 and phosphorylated FUNDC1 (Fig 2D) . Transfection with HA-ULK1 markedly promoted the phosphorylation of FUNDC1 at Ser-17, while transfection with the kinase-inactivated HA-ULK1 (K46N) showed much weaker phosphorylation since the mutant ULK1 (K46N) still has minor kinase activity (Fig 2E and Supplementary Fig S4) [27, 28] . FUNDC1 (Ser-17) could not be phosphorylated in ULK1 À/À MEFs, but when HA-ULK1 was reconstituted, the phosphorylation was significantly enhanced (Fig 2E) . In vitro kinase assays further confirmed that Myc-ULK1 immunoprecipitated from cell lysates strongly phosphorylates GST-FUNDC1 at Ser-17 ( Fig 2F) . Time-course analysis of the phosphorylation of FUNDC1 at Ser-17 indicates that the level of ULK1 expression correlates with the phosphorylation of FUNDC1 upon mitophagy induction by hypoxia or FCCP (Fig 2G and H) . However, starvation does not induce the phosphorylation of Ser-17 ( Supplementary Fig S5) .
FUNDC1 (N118A) prevents its binding to ULK1, impairs ULK1 translocation to mitochondria, and inhibits mitophagy Next, we examined the role of FUNDC1 in the recruitment of ULK1 to mitochondria. Knockdown of Fundc1 markedly reduces mitochondria-associated ULK1 in response to hypoxia or FCCP but does not affect ULK1 puncta formation in starvation condition (Supplementary Figs S1 and S6). Next, we generated a series of FUNDC1 constructs to identify key elements required for the FUNDC1-ULK1 binding and for FUNDC1 mitochondrial localization. Immunoprecipitation reveals Figure 1 . ULK1 is upregulated and translocates to fragmented mitochondria in response to mitophagy induced by hypoxia or FCCP.
A Levels of ULK1 in MEFs exposed to hypoxia (1% O 2 ) for the indicated times. B Quantification of the ratio of ULK1 to actin in (A). C Levels of ULK1 in MEFs treated with FCCP (20 lM) for the indicated times. D Quantification of the ratio of ULK1 to actin in (C). E MEFs were exposed to hypoxia (1% O 2 ) for 12 h or FCCP (20 lM) for 6 h and then fixed by 4% paraformaldehyde. Cells were stained with anti-TIM23 (mouse) and anti-ULK1 (rabbit) primary antibodies, then Alexa Fluor-488-labeled donkey anti-rabbit IgG and Alexa Fluor-555-labeled donkey anti-mouse IgG secondary antibodies before analysis by immunofluorescence microscopy. Scale bar, 10 lm. F Immunoblots of subcellular fractions from control MEFs or MEFs that were exposed to hypoxia (1% O 2 ) for 12 h. PNS, post-nuclear supernatant; Cyto, cytosol; Mito, mitochondria. G Immunoblots of subcellular fractions from control MEFs or MEFs that were treated with FCCP (20 lM) for 6 h. PNS, post-nuclear supernatant; Cyto, cytosol; Mito, mitochondria.
Data information: All results are from three independent experiments. All quantitative data are presented as mean AE s.e.m. from 3 independent experiments; *** P < 0.001. Source data are available online for this figure. . We found that mutation of N118 to Ala also reduced the translocation of ULK1 from cytosol to fragmented mitochondria and significantly inhibits mitophagy (Fig 2K and L) .
Kinase-active form of ULK1 is required for hypoxia-, FCCP-, or FUNDC1-induced mitophagy
We next investigated whether ULK1 is required for mitophagy. In however, the degradation is blocked (Fig 3A and C) . We then assessed the role of the kinase-active form of ULK1 in hypoxia-or FCCP-induced mitophagy in ULK1-null MEFs. Wild-type ULK1 efficiently induces mitochondrial turnover by autophagy, whereas the kinase-inactivated form of ULK1 (K46N) does not, which suggests that the kinase activity of ULK1 is very important for mitophagy ( Fig 3D and E 
Phosphorylation of FUNDC1 at Ser-17 restores mitophagy that is defective in ULK1-deficient cells by promoting FUNDC1-LC3 binding and colocalization
To elucidate the importance of the phosphorylation of FUNDC1 at Ser-17 by ULK1 in mitophagy, we compared the mitophagy-inducing ability of FUNDC1 (WT) with FUNDC1 (S17A) in Fundc1-KD MEFs. While FUNDC1 (WT) promotes effective mitophagy, FUNDC1 (S17A) cannot induce mitophagy ( Fig 3F) .
To further evaluate the role of phosphorylated Ser-17 in mitophagy, we constructed FUNDC1 (S17D), which mimics constitutive phosphorylation of FUNDC1, and compared its ability to mediate mitophagy with wild-type FUNDC1 in ULK1-deficient cells. Overexpression of FUNDC1 (WT) induces extensive colocalization of mitochondria with endogenous LC3 puncta in ULK1 +/+ cells, which is largely suppressed in ULK1-deficient cells (Fig 3G) . However, FUNDC1 (S17D) significantly restores the colocalization of mitochondria with LC3 dots in ULK1-deficient cells (Fig 3G) . FUNDC1 (S17D) is able to rescue mitophagy in ULK1 À/À MEFs, whereas FUNDC1
(WT) is not (Fig 3H and I) . Immunoprecipitation demonstrated that compared to FUNDC1-Myc (WT), endogenous LC3 binds more strongly to FUNDC1-Myc (S17D) and much more weakly to FUNDC1-Myc (S17A) (Fig 3J) . Since Ser-17 and Tyr-18 are two adjacent sites and Tyr-18 phosphorylation is inhibitory for mitophagy, we co-transfected SRC kinase and ULK1 to see whether two kinases have mutually inhibitory effects. As shown in Supplementary Fig S12, SRC inhibits the association of ULK1 puncta with mitochondria and suppresses phosphorylation of FUNDC1 at Ser-17 by ULK1.
ULK1 and FUNDC1 cooperatively regulate mitophagy
Next, we determined the relationship between ULK1 and FUNDC1 in the regulation of mitophagy. Effective upregulation of ULK1 and autophagic degradation of mitochondrial proteins are readily observed in ULK1 +/+ MEFs in exposure to hypoxia or FCCP treatment, while mitophagy is suppressed in ULK1 À/À MEFs in response to both conditions (Fig 4A and B , and Supplementary Fig S13) . When HA-ULK1 was reconstituted in ULK1 À/À cells, mitophagy activity was recovered (Fig 4A and B , and Supplementary Fig S13) . If FUNDC1 was knocked down in ULK1 À/À cells, the autophagic removal of mitochondria was blocked compared to ULK1 +/+ cells.
However, mitophagy activity was much more strongly enhanced in ULK1-and FUNDC1-reconstituted ULK1 À/À FUNDC1-KD cells than in ULK1 wild-type cells, or in ULK1 À/À cells expressing HA-ULK1 alone (Fig 4A and B , and Supplementary Fig S13) . Finally, we monitored mitophagy by electron microscopy. Normal-shaped mitochondria were abundant in control MEFs, while fewer mitochondria were observed in wild-type MEFs treated with hypoxia or FCCP (Fig 4C and E, and Supplementary Fig S14) . Mitophagosomes were frequently observed in wild-type MEFs in response to hypoxia or FCCP (Fig 4C and E) . In ULK1 À/À FUNDC1-KD cells, however, the degradation of mitochondria was blocked and the formation of mitophagosomes was heavily suppressed under both conditions (Fig 4A and E , and Supplementary Fig S14) . Mitophagy activity was restored when ULK1 and FUNDC1 expression was reconstituted in these cells (Fig 4A and E, and Supplementary Fig S14) . Wenxian
Taken together, our data show that in response to hypoxia, ULK1 is upregulated and associates with fragmented mitochondria, and this association in turn is required for interaction of ULK1 with the mitochondrial substrate FUNDC1 and for phosphorylation of FUNDC1 at Ser-17. The phosphorylation of FUNDC1 by ULK1 promotes the interaction between FUNDC1 and LC3, a critical step for bridging fragmented mitochondria and autophagosomes (Fig 4F) . 
Discussion
To date, several substrates of ULK1 in macroautophagy have been identified including Atg13, Atg9, and Beclin1 [29] [30] [31] . Here, our findings not only identified FUNDC1 as a novel substrate of ULK1 in selective mitophagy, but also revealed the specific role of ULK1 as well as how these two proteins coordinate to regulate this process. It is well established that Parkin and PINK1 are required for mitophagy induced by the mitochondrial uncoupler FCCP [2, 32] . PINK1 is stabilized at depolarized mitochondria and recruits Parkin to mediate the ubiquitination and degradation of a large number of substrates in the outer mitochondrial membrane, which is thought to be essential for subsequent mitophagy [33, 34] . But the exact mechanism remains unknown. It has been proposed that in the initial steps of Parkin-mediated mitophagy, the structure containing the ULK1 complex is independently recruited to depolarized mitochondria and is required for further recruitment of the downstream Atg proteins, indicating that ULK1 has a more specific role in selective autophagy [18] . The adaptor protein on mitochondria that recruits ULK1, however, has not been found.
We observed markedly increased expression and colocalization of ULK1 with mitochondria in cells exposed to both hypoxia and FCCP. Wenxian
Notably, ULK1 translocates to mitochondria even in the absence of Parkin overexpression in both HeLa cells and MEFs. We also discovered that after translocation, ULK1 binds endogenous FUNDC1 and phosphorylates it at Ser-17. Further, the ULK1-binding-deficient mutant of FUNDC1 or knockdown of Fundc1 substantially inhibits the translocation of ULK1 and mitophagy. Our data indicate that FUNDC1 is the mitochondrially localized substrate of ULK1, and probably acts as an adaptor for ULK1, thus allowing ULK1 to direct de novo synthesis of phagophores around dysfunctional mitochondria. The function of mitophagy receptors is modified by phosphorylation but the kinases responsible for these events are less clear [23, 35, 36] . In yeast, Atg32 is phosphorylated at two sites, Ser-114 and Ser-119, and phosphorylation of Ser-114 promotes Atg11-Atg32 interaction [36] . Two mitogen-activated protein kinases (MAPKs), namely Slt2 and Hog1, may be indirectly responsible for triggering the mitophagy signaling pathway [37] . NIX is involved in autophagic degradation of mitochondria during reticulocyte maturation by an unknown activation mechanism in mammals [23] . At BNIP3, serine residues 17 and 24 are phosphorylated by unknown kinases, promoting its binding to LC3B and GATE-16.
Our result that the Ser-17-phosphorylated FUNDC1 binds to LC3 much stronger than FUNDC1 (WT) and FUNDC1 (S17A) suggests that, during mitophagy, FUNDC1 is activated through Ser-17 phosphorylation by ULK1 to build up a "mitophagy receptor-LC3" link between mitochondria and autophagosomes. The role of FUNDC1 Ser-17 phosphorylation contrasts with that of Tyr-18 phosphorylation since the phosphorylation of Tyr-18 in the LIR motif by SRC kinase inhibits FUNDC1-mediated mitophagy, while phosphorylation at Ser-17 promotes mitophagy (Supplementary Figs S3 and S12) [6] .
Materials and Methods
Detailed experimental procedures for plasmids construction, siRNA sequences, antibodies, immunofluorescence, and biochemical assays are described in the Supplementary Materials and Methods. 
Immunofluorescence microscopy
Cells were grown to 60% confluence on a coverslip. After treatment, cells were washed twice with PBS (Shanghai Sangon Biotech) and fixed with freshly prepared 4% paraformaldehyde at 37°C for 15 min. Antigen accessibility was increased by treatment with 0.1% Triton X-100 (Shanghai Sangon Biotech). After blocking with 1% BSA, cells were incubated with primary antibodies for 1 h at room temperature and, after washing with PBS, stained with a secondary antibody for further 50 min at room temperature. Cell images were captured with a TCS SPF5 II Leica confocal microscope.
Immunoprecipitation
Cells were transiently transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. About 24 h posttransfection, the cells were lysed in 1 ml of lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 30% glycerin) containing 1 mM PMSF and protease inhibitor cocktail (Roche Applied Science) for 30 min on ice. After 10,000 g centrifugation for 10 min, the lysates were immunoprecipitated with specific antibody and protein A/G plus-agarose immunoprecipitation reagent (Santa Cruz Biotechnology) overnight at 4°C. Thereafter, the precipitants were washed five times with lysis buffer, and the immune complexes were eluted with sample buffer containing 1% SDS for 10 min at 100°C and analyzed by 12% SDS-PAGE.
Electron microscopy
Electron microscopy was described previously [38] . Briefly, MEFs were fixed in 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4, at 37°C for 2 h, and then dehydrated in a graded ethanol series and embedded. Approximately 70-nm ultrathin sections were mounted on nickel grids. The samples were then stained and visualized using a 120-kV Jeol electron microscope (JEM-1400) at 80 kV. Images were captured using a Gatan-832 digital camera.
Statistical analysis
Assays for characterizing cell phenotypes were analyzed by Student's t-test, and correlations between the groups were calculated using Pearson's test. P-values < 0.01 were deemed statistically significant. Data were analyzed using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA).
